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Objective: We sought to compare low-flow cardiopulmonary bypass with deep
hypothermic circulatory arrest in respect to the influence on the systemic inflam-
matory response.
Methods: Twenty-three infants weighing less than 10 kg and scheduled for repair of
congenital malformations were enrolled in a randomized, controlled study. Eleven
patients underwent cardiac surgery with deep hypothermic circulatory arrest (the
DHCA group). Low-flow cardiopulmonary bypass was used in another 12 patients
(the LF group). Interleukin 6 and 8 and anaphylatoxin C3a levels were measured 6
times perioperatively. Also, perioperative weight gain and a radiologic soft-tissue
index were compared.
Results: All patients had an uneventful clinical course. Duration of deep hypother-
mic circulatory arrest was 40 4 minutes; the bypass time was significantly shorter
in the DHCA group (85  8 vs 130  19 minutes). However, the duration of the
operation was similar in both groups (245  30 vs 246  30 minutes). During
cardiopulmonary bypass (rewarming), the concentration of C3a (3751  388 vs
5761  1688 ng/mL, mean  SEM) was significantly lower in the DHCA group
than in the LF group. The interleukin 8 level was significantly lower, and the
interleukin 6 level had a tendency to be lower in the DHCA group compared with
levels in the LF group. There was less weight gain on the first postoperative day in
the DHCA group (65  61 vs 408  118 g). The soft-tissue index suggested
reduced edema formation in the DHCA group.
Conclusion: Deep hypothermic circulatory arrest produces less systemic inflamma-
tory response than low-flow cardiopulmonary bypass. In addition, there is an
indication of less fluid accumulation postoperatively.
On the basis of the pioneering work of Mohri, Barratt-Boyes, andothers,1-5 congenital heart defects in newborns and infants havebeen corrected by using deep hypothermic circulatory arrest(DHCA). This technique has provided excellent early and lateresults. Because of increased evidence of associated neurologicmorbidity with prolonged periods of circulatory arrest, many
surgical teams have favored hypothermia and low-flow cardiopulmonary bypass
(LF-CPB) recently. The effect of the 2 different perfusion strategies on organ
function and postoperative hemodynamic data have already been investigated.6-11
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Also, the immune response to CPB has been the subject
of previous investigations.12 Although it is well known that
CPB also induces the release of a variety of inflammatory
mediators in pediatric patients,13 the effect of DHCA and
LF-CPB on systemic inflammatory response in infants has
not yet been investigated systematically. The aim of our
study was to compare these 2 strategies in respect to their
supposed effect on the activation of the complement system
represented by changes of anaphylatoxin C3a and the proin-
flammatory mediators interleukin 6 and interleukin 8.
Methods
This study was approved by the institutional ethics committee, and
all parents provided written informed consent. Twenty-three in-
fants and newborns weighing less than 10 kg and scheduled for
elective repair of congenital heart diseases were randomized (by
using electronically generated numbers) for operation with pre-
dominantly DHCA or the low-flow perfusion technique. In the
DHCA group (n  11) DHCA was instituted for the correction of
the lesion; CPB was mainly used for cooling and subsequent
rewarming. In the LF group (n  12) the low-flow perfusion
technique was used during the operation. Flunitrazepam (0.04
mg/kg; Rohypnol; Roche, Grenzach, Germany) and atropine (0.01
mg/kg; Braun, Melsungen, Germany) were administered together
intramuscularly 45 minutes before the induction of anesthesia.
After the arrival of the patient in the operating room, a blood
pressure cuff, electrocardiogram recording, and pulse oximetry
(Marquette, Milwaukee, Wis) were applied. Anesthesia was per-
formed as a total intravenous technique with sufentanil, midazo-
lam, and rocuronium bromide. After nasotracheal intubation, me-
chanical ventilation with 100% oxygen was provided by means of
a nonrebreathing system, maintaining arterial carbon dioxide ten-
sion between 30 and 40 mm Hg, and monitored with mass spec-
troscopy and blood gas analysis. A 24-gauge radial artery catheter
(Jelco; Ethicon, Pomezia, Italy), and a 4F double-lumen central
venous catheter (Arrow, Reading, Pa) were placed percutaneously
through the right internal jugular vein. Measurements of hemody-
namics included heart rate, mean arterial pressure, and central
venous pressure.
Infants underwent spontaneous cooling because of the cool
ambient temperature of the operating room during induction of
anesthesia. Using a cooling blanket (Blanketrol II; Cincinnati Sub
Zero, Cincinnati, Ohio), a rectal temperature of 32°C to 33°C was
reached at the commencement of CPB.
The pump was primed with 250 mL of packed cells and 250
mL of fresh-frozen plasma, to which 100 mL of lactated Ringer’s
solution, 1000 IU of heparin, 2.5 mL/kg sodium bicarbonate 4.2%,
and 3 mL/kg mannitol 20% were added. After systemic anticoag-
ulation with 3 mg/kg heparin and administration of 1 mg/kg
dexamethasone, CPB was instituted at a flow rate of 2.4
L  min–1  m–2. During rewarming, ultrafiltration was performed
for a maximum of 20 minutes or until the level of the venous
reservoir was at the lower level. After weaning from CPB, all
patients underwent modified ultrafiltration for the same time pe-
riod.
DHCA Group
In patients in the DHCA group, an arterial cannula was placed in
the ascending aorta; for venous return, one cannula was inserted in
the right atrium. Then systemic hypothermia was induced until an
esophageal temperature of 16°C and a rectal temperature of 18°C
were achieved. Before the start of DHCA, the CPB flow rate was
decreased by half. After crossclamping the aorta, 50 mL/kg cold
crystalloid cardioplegic solution (Bretschneider, Custodiol; Ko¨hler
Chemie, Alsbach-Ha¨hnlein, Germany) was infused through the
aortic root. Alpha-stat acid-base management was used during
hypothermic CPB to maintain an uncorrected arterial carbon di-
oxide tension of 40 mm Hg. After the above-mentioned tempera-
tures had been achieved, circulatory arrest was begun. After cor-
rection of the congenital malformation, CPB was started at 1.2
L  min–1m–2, and a total flow of 2.4 L  min–1  m–2 was main-
tained during rewarming at a rectal temperature of more than 28°C.
The difference between the perfusate and rectal temperature was
less than 10°C during rewarming.
LF Group
Instead of using one venous cannula in the right atrium, patients in
the LF group underwent bicaval cannulation. Cooling was per-
formed until rectal temperature was less than 24°C. A stable flow
of 1.2 L  min–1  m–2 was maintained thereafter during the period
of intracardiac correction. After crossclamping the aorta, 50 mL/kg
cold crystalloid cardioplegic solution (Bretschneider, Custodiol,
Ko¨hler Chemie) was infused through the aortic root. Alpha-stat
acid-base management was used during hypothermic CPB to
maintain an uncorrected arterial carbon dioxide tension of 40 mm
Hg. During rewarming, the flow rate was gradually increased to
2.4 L  min–1  m–2.
Samples and Measurements
Blood samples were obtained, and hemodynamic measurements
were performed at the following time points: (1) before the oper-
ation; (2) during CPB during rewarming and after DHCA in the
DHCA group (30°C rectal temperature); (3) 30 minutes after CPB;
(4) 2 hours after CPB; (5) 4 hours after CPB; and (6) 24 hours after
CPB.
Anaphylatoxin C3a was measured with a radioimmunoassay
(Amersham, Little Chalfont, England), and interleukin 6 and in-
terleukin 8 levels were measured with a solid-phase, 2-site chemi-
luminescent enzyme immunometric assay (Immulite System; Di-
agnostic Products Corp, Los Angeles, Calif).
A radiologic index was calculated as the ratio of the dimension
of soft tissues measured at the height of the eighth rib to the
diameter of the eighth rib measured at the midclavicular line to
quantify the edema of the soft tissues.14 Measurements were
performed on the preoperative chest radiographic film and on the
first and second postoperative day.
Statistics
Before the study, a power calculation for a 20% difference in
postoperative weight gain with a probability of type  error of 5%
and a probability of type  error of 20% yielded a sample size of
11 patients for each group. The group means were compared with
the Mann-Whitney U test (nonparametric). Results are presented
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as means  SEM. Differences were considered to be statistically
significant when the probability of type  error was less than 5%.
Results
There were no demographic differences between the 2
groups (Table 1). Twenty-three patients completed the
study. In the DHCA group there were 5 patients with a
complete atrioventricular canal defect, 1 with common trun-
cus arteriosus, 1 with total anomalous pulmonary venous
return, and 4 with ventricular septal defect. In the LF group
there was 1 patient with a complete atrioventricular canal
defect, 6 with ventricular septal defect, 3 with transposition
of the great arteries, and 2 with tetralogy of Fallot.
Intraoperative Data
Intraoperative data are shown in Table 1. As a result of a
major portion of the operative correction being performed
during DHCA (40  4 minutes; range, 18-60 minutes), the
CPB time was shorter in this group (85  8 vs 130  19
minutes). However, the duration of the operation was sim-
ilar in both groups (245  30 vs 246  30 minutes).
Inflammatory Response
Inflammatory response data are shown in Figures 1 through
3. Figure 1 shows the significant lower concentration of
anaphylatoxin 3a in DHCA patients versus that in LF pa-
tients (3751  388 vs 5761  1688 ng/mL during CPB
while rewarming the patient). The concentration of inter-
leukin 6 shows a tendency to be lower in DHCA patients
versus that seen in LF patients at 0.5 and 2 hours after CPB.
The concentration of interleukin 8 was significantly lower in
DHCA patients (64  12 vs 116  44 pg/mL, Figure 3).
Hemodynamic Parameters
Hemodynamic parameters are presented in Table 2. The
mean arterial pressure is significantly higher in DHCA
patients after CPB compared with that in LF patients 2
hours after CPB (60  2 vs 54  3 mm Hg). There were no
significant differences found concerning heart rate and cen-
tral venous pressure between the 2 groups. Both patient
groups required positive inotropic stimulation after CPB.
Although the mean doses of dopamine used in the 2 groups
were similar, significantly more dobutamine (2.1  1.0 vs
0.7  0.5 g  kg–1  min–1, P  .05) was required in LF
patients 2 hours after CPB.
Figure 1. Concentration of C3a anaphylatoxin (in nanograms per
milliliter). Control indicates the period after induction of anes-
thesia and before the operation. CPB indicates the period during
CPB-rewarming, with a rectal temperature of 30°C. 0.5h, 0.5
hours after CPB; 2h, 2 hours after CPB; 4h, 4 hours after CPB;
24h, 24 hours after CPB. *Significant difference noted between
the groups (P < .05, Mann-Whitney U test).
Figure 2. Concentration of interleukin 6 (in picograms per milli-
liter). Control indicates the period after induction of anesthesia
and before the operation. CPB indicates the period during CPB-
rewarming, with a rectal temperature of 30°C. 0.5h, 0.5 hours
after CPB; 2h, 2 hours after CPB; 4h, 4 hours after CPB; 24h,
24 hours after CPB. *Significant difference noted between the
groups (P < .05, Mann-Whitney U test).
TABLE 1. Characteristics of patients and operative data
DHCA group LF group
(n  11) (n  12)
Age (d) 139 28 84 21
Weight (g) 4619 513 5024 580
Height (cm) 60.0 2.5 60.5 3.0
Operation-time (min) 245 30 246 30
CPB time (min) 85 8 130 19
Aortic clamp time (min) 70 8 72 6
DHCA time (min) 40 4 —
MUF duration (min) 9 0.9 11.5 1.5
MUF quantity (mL) 127 19 182 20
UF duration (min) 20 2 18 4
UF quantity (mL) 356 37 220 73
MUF, Modified ultrafiltration; UF, ultrafiltration.
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Clinical Data
Clinical data are shown in Tables 3 and 4 and Figure 4.
Body weight at the first 3 postoperative days minus preop-
erative body weight (weight gain) was lower in DHCA
patients compared with that in LF patients (first postopera-
tive day: 65  61 vs 408  118 g, P  .05, Figure 4). The
radiologic soft-tissue index was also lower (P  .05) in
DHCA patients compared with that in LF patients (Table 4).
Discussion
Nowadays, most congenital heart defects can be operated on
with a continuous perfusion technique. Nevertheless,
DHCA provides unparalleled surgical exposure in the small
heart by eliminating the need for multiple cannulas within
the field. In some anomalies (total anomalous pulmonary
venous return, interrupted aortic arch, and hypoplastic left
heart syndrome in some cases) its use is still preferable.
Excellent clinical results have been published on a series
Figure 4. Weight gain (in grams): weight of the patient at the
respective postoperative day minus the preoperative weight.
TABLE 3. Postoperative data
DHCA group LF group P value
Duration of ventilation (d) 7.4 3.3 3.3 0.8 .46
Fluid balance, day 1 (mL) 195 71 30 60 .44
Fluid balance, day 2 (mL) 62 43 134 60 .88
Fluid balance, day 3 (mL) 13 36 66 59 .19
Fluid balance, day 4 (mL) 19 24 123 61 .21
Chest tube drainage (mL) 117 29 109 12 .89
Values are presented as mean  SEM.
Fluid balance, Fluid intake minus urine output at the respective postoper-
ative day.
TABLE 4. Radiologic index
DHCA group LF group P value
Preoperative index 1.72 0.3 2.1 0.4 .46
Index at POD 1 1.69 0.2 2.44 0.3 .043
Index at POD 2 1.80 0.2 3.10 0.5 .019
The radiological index was calculated as the ratio of the dimension of soft
tissues measured at the height of the eighth rib to the diameter of the
eighth rib measured at the midclavicular line.
POD, Postoperative day.
Figure 3. Concentration of interleukin 8 (in picograms per milli-
liter). Control indicates the period after induction of anesthesia
and before the operation. CPB indicates the period during CPB-
rewarming, with a rectal temperature of 30°C. 0.5h, 0.5 hours
after CPB; 2h, 2 hours after CPB; 4h, 4 hours after CPB; 24h,
24 hours after CPB. *Significant difference noted between the
groups (P < .05, Mann-Whitney U test).
TABLE 2. Hemodynamic parameter and cardiovascular
drugs
Control CPB
CPB
 0.5 h
CPB
 2 h
HR, DHCA group (min1) 116 4 — 143 5 139 4
HR, LF group (min1) 130 5 — 151 3 147 4
MAP, DHCA group
(mm Hg)
48 3 47 3 56 3 60 2*
MAP, LF group (mm Hg) 51 2 45 2 52 3 54 3
CVP, DHCA group
(mm Hg)
6 1 — 9 1 10 1
CVP, LF group (mm Hg) 8 1 — 11 1 9 1
Hematocrit, DHCA group
(%)
31 4 25 4 37 6 41 6
Hematocrit, LF group
(%)
33 3 25 4 34 4 40 6
Dopamine, DHCA group
(g  kg1  min1)
— 2.4 0.5 4.5 0.4 4.5 0.3
Dopamine, LF group
(g  kg1  min1)
— 2.8 0.4 4.0 0.4 2.3 0.6
Dobutamine, DHCA group
(g  kg1  min1)
— — 0.7 0.5* 0.7 0.5*
Dobutamine, LF group
(g  kg1  min1)
— — 3.2 1.2 2.1 1.0
Values are presented as means  SEM.
Control, Start of anesthesia; CPB, during CPB and start of rewarming; CPB
 0.5 h, 0.5 hours after CPB; CPB  2 h, 2 hours after CPB; HR, heart rate;
MAP, Mean arterial pressure; CVP, central venous pressure.
* P  .05, t test.
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of 120 Fontan or Fontan-like operations with the DHCA
technique.15 The postoperative morbidity in respect to the
development of pleural effusions and ascites was extremely
low in this group of patients. It is conceivable that reduced
systemic inflammatory response with DHCA is one reason
for the smooth postoperative course of these patients; in-
flammatory mediators have, however, not been measured.15
Therefore, this study investigated the inflammatory re-
sponse with the 2 different perfusion techniques: DHCA
versus continuous low-flow perfusion. Levels of anaphyla-
toxin C3a and the proinflammatory chemokine interleukin 8
were found to be significantly lower in patients after DHCA
compared with in patients after LF-CPB. Proinflammatory
interleukin 6 showed a tendency to be lower in patients after
DHCA.
There are 2 main reasons potentially leading to reduced
inflammatory response after DHCA: (1) shorter duration of
CPB and (2) lower temperature.
Duration of CPB was significantly lower in patients after
DHCA compared with patients after LF-CPB. A correlation
between duration of CPB and inflammatory response has
already been reported.16,17 The second factor might be the
lower temperature (18°C) in the DHCA group compared
with that in the LF group (24°C). However, the effect of
temperature on inflammatory response is not a linear rela-
tionship. It is already known that tepid temperature during
CPB (32°C-34°C) is associated with reduced systemic in-
flammatory response compared with that during normother-
mic CPB.18 A recently published investigation in 24 pigs
with normothermia (37°C), moderate hypothermia (28°C),
or deep hypothermia (20°C) showed that moderate hypo-
thermia is associated with lower concentrations of proin-
flammatory mediators and higher concentrations of anti-
inflammatory mediators compared with concentrations in
the other 2 groups.19 Moderate hypothermia was associated
with the lowest histologic organ damage score, and normo-
thermia was associated with the highest score.19 Therefore,
higher levels of inflammatory mediators had to be expected
in the DHCA group (18°C) compared with those in the
LF-CPB group (24°C), which is in contrast to the findings
of the present investigation.
Another factor potentially influencing the inflammatory
reaction is the degree of the hypoxemia in these patients. In
cyanotic patients inflammatory response was already stim-
ulated before the operation.20 In our population there are 2
patients in the DHCA group with a cyanotic lesion and 5 in
the LF group. However, the patients with transposition of
the great arteries had a balloon atrioseptostomy before the
operation, and the oxygen saturation was more than 85% in
every one of the patients. In addition, no differences in the
baseline levels of either mediator could be detected between
the 2 study groups. In regard to preexisting congestive heart
failure, there was one patient in the DHCA group who
received digitoxin; no patients received catecholamines,
however.
In the present investigation clinical parameters, such as
mean arterial pressure, postoperative weight gain, and a
radiologic soft-tissue index, also seem to suggest a superior
postoperative course after DHCA compared with after LF-
CPB. The higher arterial pressure after CPB in DHCA
patients compared with that in LF patients may be the result
of reduced vasodilation caused by reduced inflammatory
response (C3a and interleukin 8). This is in concordance
with another investigation, in which the incidence of vaso-
dilation necessitating vasopressor support was 2-fold higher
in a group of patients undergoing normothermic CPB com-
pared with in patients undergoing hypothermic CPB.18 Re-
duced weight gain postoperatively may reflect reduced cap-
illary leakage, which has been shown to be associated with
the inflammatory response syndrome.14 However, the trans-
capillary escape rate of protein has to be determined to
really measure capillary leakage, which has not been done
in this investigation. Reduced weight gain after CPB in
patients after DHCA may be the result of the shorter CPB
duration in addition to the reduced inflammatory response.
Patients who underwent a Fontan operation are extremely
sensitive to fluid accumulation and fluid shifts after CPB.
Therefore, it seems obvious that DHCA and also modified
ultrafiltration lead to a superior clinical outcome.15 A sig-
nificantly higher survival rate has been reported recently by
Mosca and associates,21 who used DHCA in 100 consecu-
tive patients with hypoplastic left heart syndrome. Although
ultrafiltration raises colloid osmotic pressure and hematocrit
levels, a significant reduction of inflammatory mediators
could not be demonstrated.22
The results of the present investigation are in line with
those of the Boston Circulatory Arrest Study, in which
patients had significantly less weight gain after
DHCA.7,23,24 Ischemia and subsequent reperfusion of iso-
lated organs lead to significant production of inflammatory
mediators in the respective organs. This has been proven for
the heart25 and also for the lungs.26,27 In contrast to these
results, a similar effect does not play a decisive role for the
whole body in the case of DHCA, according to the data of
our study.
Although nonneurologic outcome in the arterial switch
operation did not differ between those receiving the DHCA
and LF-CPB techniques,8 there is always concern about
neurologic deficits after use of DHCA. Profound hypother-
mia (18°C) reduces systemic metabolism to 16% of control
levels, but cerebral metabolism is only reduced to 32% to
40% of control levels in an animal model.28 Children show
developmental delays on specific neuropsychologic testing
after either LF-CPB or DHCA. Up to 10% of infants have
been shown to exhibit seizures after DHCA.29 Furthermore,
a linear relationship between the duration of DHCA and IQ
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has been suggested.30 No attempt was made, however, to
investigate the neurologic sequelae of the 2 different perfu-
sion techniques in the present investigation.
Inflammatory response is reduced by the use of DHCA
compared with the reduction seen with low-flow perfusion.
A shorter duration of CPB and a lower body temperature
may contribute to this finding, whereas ischemia and reper-
fusion of the whole body do not seem to play a major role.
We thank U. Hess, MD, who measured the radiologic index,
and S. L. Braun, MD, and Mrs Lo¨schenkohl, who determined the
inflammatory mediators.
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Discussion
Dr Gerhard Ziemer (Tuebingen, Germany). Dr Tassani, I
really liked your study. However, I think you missed one addi-
tional control group, which would be the group where you have the
babies on full flow all the time. I do not think it is deep hypother-
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mia itself that reduces the inflammatory response and that makes
you get less weight gain, but it is the effect of the low-flow period
you have that makes you have this weight gain. So I think you
should add one group with full flow all the time and then tell us
what you find.
Dr Tassani. Thank you, Professor Ziemer, for this very good
comment. According to our clinical practice, surgical correction is
performed under the conditions of deep hypothermia combined
with low-flow perfusion or total circulatory arrest. Reducing flow
under hypothermic conditions ensures sufficient oxygen supply
and provides better surgical conditions for corrections. We never
practice full-flow perfusion combined with deep hypothermia. But
I have to mention that cooling and rewarming was achieved in both
groups with full-flow perfusion rates. In the LF group pump flow
was reduced by 50% after 24°C was reached.
Dr Pedro J. del Nido (Boston, Mass). One important variable
that you did not mention was hematocrit levels. If you have a
significant amount of hemodilution and you keep a baby on bypass
for an additional 40 or 50 minutes, I think it is very likely that this
could easily explain the third-space increase. Could you tell us
what the hematocrit level was in both groups?
Dr Tassani. During extracorporeal circulation, the hemoglobin
value was about 7 to 8 g/dL, corresponding to the measured
hematocrit of about 20% to 25%. Pump priming was quite similar
in both groups. I have not presented the data, but we found no
statistical differences between the groups.
Dr del Nido. I suspect that if you maintain the hematocrit at
25% or close to 30%, and in fact there are several clinical centers
that have moved to this maneuver, you are going to eliminate a lot
of your third-space fluid accumulation.
Dr Tassani. I think there are 2 important factors differing
between the groups. First is the shorter exposition to extracorpo-
real circulation, and second is the lower temperature in the DHCA
group, which might have influenced outcome.
Dr Edward D. Verrier (Seattle, Wash). How did you account
for such a low bypass time because cooling and warming would
necessarily take longer with DHCA? Was it just the ease of repair?
Dr Tassani. As a matter of fact, DHCA makes the surgical
repair in most cases easier. Under such conditions, cooling and
rewarming took about 20 minutes each, and total bypass time
averaged around 40 minutes. The circulatory arrest time was not
added to the bypass time. So we had, in this group, 2 bypass
periods, one for cooling and one for rewarming. Surgical repair
was performed under DHCA conditions. Total CPB time in the LF
group was significantly longer, about 80 minutes, which might
have influenced the different outcomes in both groups.
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